Although cell invasion is a necessary early step in cancer metastasis, its regulation is not well understood. We have previously shown, in human prostate cancer, that transforming growth factor b (TGFb)-mediated increases in cell invasion are dependent upon activation of the serine/ threonine kinase, p38 MAP kinase. In the current study, downstream effectors of p38 MAP kinase were sought by first screening for proteins phosphorylated after TGFb treatment, only in the absence of chemical inhibitors of p38 MAP kinase. This led us to investigate mitogenactivated protein kinase-activated protein kinase 2 (MAPKAPK2), a known substrate of p38 MAP kinase, as well as heat-shock protein 27 (HSP27), a known substrate of MAPKAPK2, in both PC3 and PC3-M human prostate cells. After transient transfection, wildtype MAPKAPK2 and HSP27 both increased TGFbmediated matrix metalloproteinase type 2 (MMP-2) activity, as well as cell invasion, which in turn was inhibited by SB203580, an inhibitor of p38 MAP kinase. Conversely, dominant-negative MAPKAPK2 blocked phosphorylation of HSP27, whereas dominant-negative MAPKAPK2 or mutant, non-phosphorylateable, HSP27 each blocked TGFb-mediated increases in MMP-2, as well as cell invasion. Similarly, knock down of MAPKAPK2, HSP27 or both together, by siRNA, also blocked TGFb-mediated cell invasion. This study demonstrates that both MAPKAPK2 and HSP27 are necessary for TGFb-mediated increases in MMP-2 and cell invasion in human prostate cancer.
Introduction
Metastasis represents a critical step in carcinogenesis, and is responsible for greater than 90% of cancerrelated deaths (Sporn, 1996) . Prostate cancer is the most common form of cancer in men in the United States, the second largest cause of cancer-related death in men, and is thus a major public heath problem (Jemal et al., 2005) . Death owing to prostate cancer is caused by metastatic spread of disease (Carroll et al., 2001) . Alterations in cell attachment and invasion represent early steps in the metastatic cascade (see for reviews, Ruoslahti, 1996; Woodhouse et al., 1997) . The regulation of metastatic behavior, as well as the dependent processes of adhesion and invasion, are not well understood in general, and not for prostate cancer in particular.
Transforming growth factor b (TGFb), a 25 kDa disulde-linked homodimeric extracellular cytokine, is an important regulator of cell adhesion and motility in a variety of cell types, including prostate (Shi and Massague, 2003) . As TGFb not only exerts pleiotropic effects within a given cell, but appears to act through different pathways in different cell types, it is important to investigate its role in a cell type-specific manner (Attisano and Wrana, 2002) . We have previously shown that both Smad3 and p38 MAP kinase were necessary for TGFb-mediated increases in cell adhesion in human prostate (Hayes et al., 2003) . Most recently, we have shown that p38 MAP kinase is necessary for TGFb-mediated up-regulation of matrix metalloproteinase type 2 (MMP-2), as well as TGFb-dependent increases in prostate cell invasion (Huang et al., 2005) .
As prior studies established the importance of p38 MAP kinase in regulating cell invasion, the current study was undertaken to identify downstream effectors of p38 MAP kinase as they relate to TGFb-mediated regulation of invasion. p38 MAP kinase is a serine/ threonine kinase, which is activated in a time-dependent manner after TGFb treatment (for review see, Platanias, 2003) . It therefore follows that downstream effector proteins must be phosphorylated on serine and/or threonine in a time-dependent manner after TGFb treatment. Furthermore, if proteins were in fact specific downstream effectors of p38 MAP kinase, then inhibition of p38 MAP kinase activity should block phosphorylation.
The current study describes the results of such a screening, and how it led to the initial identification of mitogen-activated protein kinase-activated protein kinase 2 (MAPKAPK2), and heat-shock protein 27 (HSP27). Investigating further, using chemical inhibitors of p38 MAP kinase, wild-type and dominantnegative constructs of MAPKAPK2, wild-type and mutant, non-phosphorylateable, HSP27, as well as siRNA-mediated knock down of both MAPKAPK2 and HSP27, we show for the first time in any cell type that both MAPKAPK2 and HSP27 are necessary for TGFb-mediated increases in MMP-2 activity, as well as cell invasion.
Results

Screening for p38 MAP kinase downstream effectors
We have previously shown that p38 MAP kinase is phosphorylated (i.e., activated) in a time-dependent manner after treatment of PC3-M cells with TGFb (Hayes et al., 2003) . To further refine the time course of activation, and to expand this analysis to other cell lines, we first sought to characterize the time course of TGFbdependent activation of p38 MAP kinase in PC3 and PC3-M prostate cancer cells (Figure 1a) . In both cell lines tested, phospho-p38 MAP kinase levels began to increase within 10 min of TGFb treatment, peaking at 60 min in PC3 cells, and at 90 min in PC3-M cells, and declining thereafter.
p38 MAP kinase is a serine/threonine kinase, is activated by TGFb in a time-dependent manner, and has been shown by us to be necessary for TGFbdependent increases in prostate cell invasion (Huang et al., 2005) . It therefore stands to reason that effectors downstream of p38 MAP kinase, which are responsible for TGFb-dependent regulation of invasion, should meet the following criteria: (1) be phosphorylated on serine and/or threonine, (2) be phosphorylated in a timedependent manner after TGFb treatment and (3) not be phosphorylated in the face of p38 MAP kinase inhibition. Two different inhibitors of p38 MAP kinase with different mechanisms of action were tested. SB203580 is a chemical inhibitor that inhibits the kinase activity of a and b isoforms of p38 MAP kinase, which have high homology and are expressed in a relatively ubiquitous manner (Tong et al., 1997; Wilson et al., 1997) . We have shown that SB203580 is a specific inhibitor of p38 MAP kinase in PC3 and PC3-M cells, and its regulation of prostate cell adhesion and invasion (Hayes et al., 2003; Huang et al., 2005) . We have also shown that genistein (4,5,7-trihydroxyisoflavone) blocks TGFb-mediated activation of both isoforms of p38 MAP kinase, thus inhibiting cell invasion (Huang et al., 2005) . SB203580 and genistein studies were performed in both PC3 and PC3-M cells.
Based upon the kinetics of p38 MAP kinase phosphorylation observed after TGFb stimulation, Figure 1a , several time points were selected for screening purposes. PC3-M and PC3 cells were pre-treated (or not) with either SB203580 or genistein, and then treated with TGFb (or not) for up to 180 min, and resultant protein lysates probed for either phosphoserine or phosphothreonine by Western blot. No protein bands, which met the above criteria, were evident in PC3-M cells probed for either phosphoserine or phosphothreonine, or in PC3 cells probed for phospho-serine (data not shown). However, in PC3 cells probed for phospho-threonine, a 27 kDa band exhibited increased phosphorylation at the 45 and 90 min time points after TGFb treatment (Figure 1b) . Increased phosphorylation of the 27 kDa band was not present in cells pre-treated with either SB203580 or with genistein, nor were any changes evident in cells treated with TGFb for only 30 min (either in the presence or absence of SB203580 or genistein). No changes in phosphothreonine levels were seen in cells treated with either SB203580 or genistein in the absence of TGFb (data not shown).
Heat-shock protein 27 (HSP27) has previously been reported to be phosphorylated by MAPKAPK2 (Stokoe et al., 1992b) , and MAPKAPK2 is a known substrate of p38 MAP kinase (Krump et al., 1997) . HSP27 was therefore evaluated as a potential regulator of cell invasion, which was downstream of p38 MAP kinase, by first assessing whether it was phosphorylated in a timedependent manner after TGFb treatment. As can be seen (Figure 2 ), phospho-HSP27 levels began to increase 10-20 min after treatment with TGFb, in both cell lines tested. In PC3 cells, phospho-HSP27 levels peaked at 90 min, and declined thereafter, consistent with changes observed on the screening phosphothreonine Western blot (Figure 1b) . In PC3-M cells, however, levels of phospho-HSP27 continued to increase throughout the 3 h time course of the experiment.
To assess whether MAPKAPK2 and/or HSP27 activation by TGFb was dependent upon p38 MAP kinase, we pre-treated cells with SB203580 or with the inactive chemical analog, SB202474, then with TGFb (or not), and measured the effects upon phosphorylation of p38 MAP kinase, MAPKAPK2 and HSP27 by Western blot (Figure 3 ). As can be seen, SB203580 treatment was associated with increases in phosphorylation of p38 MAP kinase. This is because SB203580 inhibits the kinase activity of p38 MAP kinase, but does not prevent it from being phosphorylated (Ravanti et al., 1999; Hatakeyama et al., 2002) . As previously described by us (Huang et al., 2005) and others (Munshi et al., 2004) , inhibition of the kinase activity of p38 MAP kinase, by SB203580, is associated with increased phosphorylation of p38 MAP kinase, thus indicating that biologically relevant concentrations of SB203580 were being utilized. Importantly, TGFb-mediated increases in phosphorylation of both MAPKAPK2 and HSP27 were abrogated by SB203580, whereas SB202474 chemical control had little-to-no effect, in both cell lines tested. Thus, MAPKAPK2 and HSP27 are activated downstream of p38 MAP kinase, after TGFb treatment, in prostate cancer cells.
MAPKAPK2 and HSP27 regulate TGFb-mediated increases of MMP-2 activity and cell invasion Above findings raised the notion that MAPKAPK2 and/or HSP27 may be downstream signaling effectors of p38 MAP kinase, with respect to TGFb-mediated regulation of matrix metalloproteinase type 2 (MMP-2) activity and cell invasion. If this were the case, then disruption of either MAPKAPK2 or HSP27 signaling should also inhibit TGFb-mediated increases of MMP-2 activity and cell invasion. A series of experiments was therefore performed to test this hypothesis. First, cells were transiently transfected with either wild-type MAPKAPK2 (MK2WT), a kinase-inactive dominantnegative mutant (MK2K76R), a constitutively active mutant (MK2EE) or with empty vector control (VC), and effects upon phosphorylation of HSP27 measured by Western blot (Figure 4 ). Treatment with TGFb increased phosphorylation of MAPKAPK2 in wildtype, dominant-negative (which is kinase inactive, but can still be phosphorylated) and VC-transfected cells. In contrast, high baseline levels of phosphorylation and no further increase with TGFb were seen with constitutively active mutant-transfected cells. Importantly, TGFb treatment led to increases in phospho-HSP27 (ppHSP27) levels in cells transfected with either wild-type MAPKAPK2 or with VC. In contrast, in cells transfected with dominant-negative MAP-KAPK2, the effects of TGFb were abrogated. Finally, Figure 5a . Importantly, in MAPKAPK2 dominantnegative cells, no increase in MMP-2 activity was observed following TGFb treatment. Conversely, in cells transfected with constitutively active MAPKAPK2, baseline levels of MMP-2 were elevated, but did not respond further to TGFb. Similar effects were observed in both cell lines tested. The characteristic multiple zymogens of MMP-2 are evident under the current assay conditions in PC3-M cells, as evidenced by the presence of multiple bands on the gel. Increased gel loading and/or over-exposure would also reveal them in PC3 cells (data not shown), as described previously (Huang et al., 2005) .
As the activity of MMPs is closely linked to cancer invasion and metastatic behavior, the functional significance of changes in MMP-2 were then evaluated by assessing effect upon cell invasion (Figures 5b-d ). TGFb increased cell invasion in both VC and wild-type MAPKAPK2-transfected cells (Figure 5b ). In contrast, in dominant-negative transfected cells, baseline levels of invasion were below those seen in both VC-and MAPKAPK2-transfected cells. More importantly, in the presence of TGFb, the invasion of dominantnegative cells was significantly below that for VCs, as well as for wild-type cells. In addition, there was a complete abrogation of TGFb-mediated increases in invasion in dominant-negative cells. Finally, with constitutively active MAPKAPK2 transfectants, baseline levels of invasion were high, and TGFb did not further increase invasion. Similar effects were observed in both cell lines tested.
Above findings demonstrate that MAPKAPK2 is important in regulating cell invasion, particularly that responsive to TGFb. If MAPKAPK2-related effects were dependent upon p38 MAP kinase, then wild-type MAPKAPK2 should not rescue invasion in the face of p38 MAP kinase inhibition, whereas constitutively active MAPKAPK2 should be able to do so. By measuring invasion in wild-type ( Figure 5c ) and constitutively active (Figure 5d ) transfectants, treated with SB203580, this notion is supported. Specifically, inhibition of p38 MAP kinase activity by SB203580 abrogated TGFb-mediated increases in invasion in wildtype transfectants, compared to cells treated with inactive chemical control, SB202474. However, in constitutively active cells, the inhibitory effects of SB203580 were markedly reduced, having no significant effect in PC3 cells, and only a small, albeit significant, effect in PC3-M cells.
HSP27 was investigated next ( Figure 6 ). First, cells were transiently transfected with wild-type HSP27 (HSP27 WT), with a non-phosphorylateable mutant (HSP27 3G), or with empty VC. High levels of HSP27 were observed in both wild-type and mutant transfectants ( Figure 6a ). TGFb treatment increased phospho-HSP27 levels in VC and wild-type cells, but had minimal to no effect in mutant-transfected cells. Next, effects upon MMP-2 activity were measured ( Figure 6b ). TGFb increased MMP-2 activity in both wild-type and control cells, but had no effect in mutant-transfected cells ( Figure 6b ). Similarly, TGFb increased invasion in both wild-type and control cells (Figure 6c ), in both cell lines tested. In mutant-transfected cells, baseline levels of invasion were significantly decreased, and response to TGFb almost completely abrogated. Specifically, there was a small, but significant, increase in invasion in response to TGFb treatment in PC3 cells transfected with mutant HSP27, whereas in PC3-M cells, there was no significant increase. Finally, inhibition of p38 MAP kinase activity by SB203580 abrogated TGFb-mediated increases in invasion in wild-type transfectants, compared to cells treated with inactive chemical control, Figure 1a , and Western blot performed for phospho-HSP27 and total HSP27. Similar results were seen in a replicate experiment performed at a separate time.
MAPKAPK2 and HSP27 regulate cell invasion L Xu et al SB202474 ( Figure 6d ). Similar findings were observed in both cell lines evaluated. To further evaluate the functional importance of MAPKAPK2 and HSP27 in the regulation of cell invasion, a separate series of experiments was performed wherein siRNA methodology was used to knock down the expression of MAPKAPK2, and of HSP27, and effects upon invasion measured. In cells transfected with MAPKAPK2-directed siRNA, near complete suppression of MAPKAPK2 protein was observed (Figure 7a) . Suppression was specific, as there was little effect upon either HSP27 or MAPKAPK3 (MK3, which has 70% homology to MAPKAPK2; (Ludwig et al., 1996) , and no effect upon either p38 MAP kinase or GAPDH , and then treated with TGFb for 10 min (for MAPKAPK2) or 1 h (p38 MAP kinase, HSP27). Cell lysates were then probed for total and phospho-p38 MAP kinase (p38 and pp38), total and phospho-MAPKAPK2 (pMK2 and ppMK2), total and phospho-HSP27 (pHSP27 and ppHSP27), or GAPDH, by Western blot. Individual bands from two separate experiments were quantitated, expressed as the ratio of phosphoprotein to total protein and resultant data graphed as the mean þ s.d. N ¼ 2 in the bottom panel.
protein levels. In addition, no suppression of targeted proteins was observed in cells treated with siRNA to green fluorescent protein (GFP) or in sham-transfected controls. Conversely, specific, and essentially total, suppression of HSP27 protein was observed in cells exposed to HSP27 siRNA. Finally, when siRNA to both MAPKAPK2 and HSP27 were combined, efficacy and specificity were both preserved. Compared to GFP siRNA cells, both MAPKAPK2 and HSP27 siRNA cells exhibited decreased baseline levels of invasion, as well as significantly lower levels of invasion after TGFb treatment, in both cell lines tested (Figure 7b ). If HSP27 and MAPKAPK2 were independent regulators of TGFb's effects upon invasion, then simultaneous knock down of HSP27 and MAPKAPK2 should be associated with a further decrease in invasion. As can be seen, however, no further decrease in invasion is evident when MAPKAPK2 siRNA is given along with HSP27 siRNA, as compared to cells treated with HSP27 siRNA alone.
HSP27 is upregulated in aggressive prostate cancer Several investigators have shown that HSP27 is upregulated during prostate cancer cell progression, and that high levels of HSP27 in prostate cancer biopsy specimens are associated with a poor clinical outcome (Cornford et al., 2000; Rocchi et al., 2004) . The current study demonstrates that HSP27 regulates cell invasion. Cell invasion is associated with metastatic behavior and is associated with prostate cancer progression. Taken together, these facts support the notion that dysregulated HSP27 contributes to prostate cancer progression. If this were the case, then higher levels of HSP27 would be expected in PC3-M metastatic variant cells as compared to the parental PC3 cell line. This was shown to be the case by comparing HSP27 protein expression between PC3-M and PC3 cells by Western blot, demonstrating almost two-fold higher levels in PC3-M cells (Figure 8) .
Discussion
In the current study, we sought to identify downstream effectors of p38 MAP kinase, as they relate to its regulation of MMP-2 activity and cell invasion. Based upon the fact that p38 MAP kinase is a serine/threonine kinase, which is activated in a time-dependent manner after TGFb treatment, we undertook a successful proteomics based screening approach. We therefore sought to identify time-dependent phosphorylation on serine and/or threonine, in both PC3 and PC3-M cells, after TGFb treatment, which was dependent upon the activity of p38 MAP kinase.
As screening approaches are limited by the resultant number of false positives, we used two separate inhibitors of p38 MAP kinase, which we have also shown to inhibit cell invasion (Huang et al., 2005) . SB203580 inhibits the kinase function of p38 MAP kinase (Ravanti et al., 1999; Hatakeyama et al., 2002) , whereas genistein blocks its activation (i.e., phosphorylation) (Huang et al., 2005) . That positive findings were not seen with PC3-M cells, or with PC3 cells probed for phosphoserine, but only with PC3 cells probed for phosphothreonine, is a measure of the stringency of the screening approach utilized. This notion is also supported by the fact that MAPKAPK2 was not identified on phospho-protein-based screening investigations. Thus, it is possible that there are additional proteins of importance, but the current level of stringency did not permit their detection.
Importantly, we went on to specifically demonstrate that HSP27 does in fact exhibit time-dependent phosphorylation after TGFb treatment in both PC3 Figure 4 MAPKAPK2 phosphorylates HSP27. PC3 and PC3-M cells were transfected with MAPKAPK2 wild-type, pcDNA3mycMK2WT (MK2WT), dominant-negative kinase-inactive mutant, pcDNA3mycMK2K76R (MK2K76R), or constitutively active mutant, pcDNA3mycMK2T205E317E (MK2EE), or with empty VC. Twenty-four hours after transfection, cells were changed to serum-free media, and 24 h later, cells were treated (or not) with TGFb for either 10 min (for HSP27) or for 1 h (MAPKAPK2), and total and phospho-MAPKAPK2 (pMK2 and ppMK2), total and phospho-HSP27 (pHSP27 and ppHSP27), and GAPDH were measured by Western blot. Similar results were seen in a separate experiment, performed at a different time. Cell transfection and Western blotting were performed as described in Materials and methods.
MAPKAPK2 and HSP27 regulate cell invasion L Xu et al and PC3-M cells. Interestingly, the kinetics of HSP27 dephosphorylation differs between the two cell types investigated. While the meaning of this, if any, is not clear at this time, it highlights the fact that there is differential signaling between different cell types, and underscores the importance of investigating any single pathway in multiple cell types. In this regard, it is important to note that the current study employed two separate human prostate cell lines, and that findings in each line were similar, if not identical, throughout the series of investigations performed. MAPKAPK2 is known to be a p38 MAP kinase downstream signaling protein (Stokoe et al., 1992a) . We have previously shown that p38 MAP kinase is necessary for the regulation of TGFb-mediated increases in cell adhesion and invasion (Hayes et al., 2003; Huang et al., 2005) . While it therefore stands to reason that MAPKAPK2 would regulate cell invasion, to our knowledge, this is the first report demonstrating that TGFb activates MAPKAPK2 through p38 MAP kinase. Thus, current findings represent an extension of prior findings by us, and are in agreement with that of Kotlyarov et al. (2002) , who show that migration of MAPKAPK2-deficient mouse embryonic fibroblasts and smooth muscle cells on fibronectin is dramatically reduced. p38 MAP kinase phosphorylation, which is necessary for the activation of the kinase function, was increased when cells were treated with SB203580. SB203580 is a chemical inhibitor that inhibits the kinase activity of p38 MAP kinase, but does not prevent p38 MAP kinase from being phosphorylated (Tong et al., 1997; Wilson et al., 1997) . Increased p38 MAP kinase phosphorylation in the face of SB203580-mediated inhibition of its kinase function has previously been described by us (Huang et al., 2005) and others (Munshi et al., 2004) , Figure 5 MAPKAPK2 regulates MMP-2 activation and cell invasion. Cells were transfected with MAPKAPK2 wild-type (MK2WT), dominant-negative kinase-inactive mutant (MK2K76R), or constitutively active mutant (MK2EE), or with empty VC, as described in Figure 4 . (a) MAPKAPK2 regulates MMP-2 activity. Cells were changed to serum-free media, treated with TGFb (or not) for 24 h, conditioned media collected, and MMP-2 activity of equal amounts of media measured by zymography. Similar results were obtained in a separate experiment. (b) MAPKAPK2 regulates cell invasion. Cells were treated (or not) with TGFb for 24 h, and cell invasion measured. (c and d) MAPKAPK2 is dependent upon p38 MAP kinase activity. One hour before addition to TGFb (or not), cells were pre-treated with SB203580 or SB202474, as indicated. The effect upon cell invasion was then measured in cells transfected with either wild-type MAPKAPK2, (c) or with constitutively active MAPKAPK2. (d) Cell invasion is depicted as the percent of invading cells, relative to untreated VC cells, and is the mean þ s.e.m. N ¼ 4 of a single experiment. Invasion assays were repeated at a different time, also with N ¼ 4, with similar results. *P-value for difference between values is o0.05 (two-sided t-test); NS, denotes not significant. Cell transfection, zymography, and invasion assays were performed as described in Materials and methods. and is not cell type specific. A likely explanation would be the presence of a feedback inhibition regulatory loop. SB203580-mediated inhibition of p38 MAP kinase's enzyme activity therefore leads to loss of feedback inhibition and increased phosphorylation of p38 MAP kinase. As SB203580 is a reversible inhibitor, immunoprecipitation-kinase assays are not able to detect effects, and thus in vivo measures must be employed. It was therefore important that we went on to show that SB203580-mediated inhibition of p38 MAP kinase led to inhibition of phosphorylation of MAP-KAPK2, an in vivo substrate of p38 MAP kinase (Krump et al., 1997) .
HSP27 is known to be a substrate of MAPKAPK2 (Stokoe et al., 1992b) . While the function of HSP27 is not clear, its phosphorylation appears to stimulate the polymerization of actin (Guay et al., 1997; Gerthoffer and Gunst, 2001) . It also appears to have a role in regulating cell invasion, but its function in this regard may be cell type specific. Specifically, Aldrian et al. (2002) demonstrated that HSP27 overexpression decreased invasion of melanoma cells. In contrast, others have shown that HSP27 increases cell migration in both breast and smooth muscle cells (Hedges et al., 1999; Hansen et al., 2001) . It was therefore important that we investigated the role of HSP27 in human prostate cancer, a common form of cancer that causes death by metastasizing, and did so using multiple cell lines. Our findings of increased HSP27 expression in aggressive prostate cancer are in agreement with similar prior findings by other investigators (Cornford et al., 2000; Rocchi et al., 2004) . As increased cell invasion is a hallmark of the metastatic phenotype, and thus a measure of aggressiveness, the current study provides a likely mechanistic link to this previously identified association.
We demonstrated for the first time, in any cell type, that HSP27 mediates TGFb-dependent increases in cell invasion and MMP-2 activity. It has previously been shown that inhibition of p38 MAP kinase blocks HSP27 phosphorylation, and decreases invasion in smooth muscle cells (Hedges et al., 1999) . Our findings are in direct agreement with these, and demonstrate for the first time that signaling goes from p38 MAP kinase to MAPKAPK2 to HSP27, and then to the regulation of MMP-2 and cell invasion.
In summary, our findings demonstrate that prostate cancer cell invasion is mediated through a pathway in which p38 MAP kinase activates MAPKAPK2, which in turn leads to the phosphorylation of HSP27, which in turn regulates MMP-2 activation and cell invasion. TGFb activates each of these pathway members, and these members, in turn, regulate its effects upon MMP-2 and cell invasion. This study provides new information about the biological regulation of cell invasion and MMP-2 activity in human prostate cancer, in particular that regulated by TGFb.
Materials and methods
Materials
Phosphatase inhibitor cocktail I and II, genistein and gelatin (used in invasion assays) were purchased from Sigma (St Louis, MO, USA). The p38 MAP kinase inhibitor, SB203580, and the structurally related inactive analog, SB202474, were from Calbiochem (San Diego, CA, USA). Genistein, SB203580 and SB202474 were stored as stocks in DMSO, and were thawed just before use. Antibodies were obtained from the following sources: phosphoserine, Q5, and phosphothreonine, Q7, Qiagen (Valencia, CA, USA); p38 MAP kinase, clone C-20 (Santa Cruz Biotechnology, Santa Cruz, CA, USA); phospho-p38 MAP kinase, clone 9211S (recognizes Thr180 and Tyr 182), phospho-MAPKAPK2, clone 3041 (recognizes Thr334), phospho-HSP27, clone 2401S (recognizes Ser82), MAPKAPK2, clone 3042, and HSP27, clone 2402 (Cell Equal amounts of total cell lysate from PC3 parental and PC3-M metastatic variant cells were subjected to Western blotting for HSP27, p38 MAP kinase (p38), MAPKAPK2 (MK2) and btubulin (loading control). HSP27 bands were quantitated, normalized to PC3 cells and mean þ s.d. percent increase in PC3-M cells determined (N ¼ two separate experiments); two-sided t-test value o0.05 for differences between PC3 and PC3-M cells.
Signaling Technology, Beverly, MA, USA); GAPDH, CSA-335E (Stressgen, Victoria, CA, USA); anti-mouse Ig-horseradish peroxidase (HRP) and anti-rabbit Ig-horseradish peroxidase, were part of the ECL Western Blotting System (Amersham Pharmacia Biotech), and were used to detect proteins in Western blots. Recombinant human TGFb1 (R&D Systems; Minneapolis, MN, USA) was resuspended and stored according to the manufacturer's instructions, and was used at a final concentration of 2 ng/ml.
Constitutively active b-galactosidase expression vector, pCMV-b-gal, was from Stratagene (La Jolla, CA, USA). MAPKAPK2 wild-type, pcDNA3mycMK2WT, dominantnegative kinase-inactive mutant, pcDNA3mycMK2K76R, and constitutively active mutant, pcDNA3mycMK2EE, plasmids were generous gifts from Matthias Gaestel (Institute of Biochemistry, Medical School, Hannover, Germany), and have been described (Winzen et al., 1999) . HSP27 wild-type, pcDNA3.1-HSP27 WT, and non-phosphorylateable mutant, pcDNA3.1-HSP27 3G, plasmids were kindly provided by Rainer Benndorf (University of Michigan), and have been described earlier (Schafer et al., 1999) .
Cell culture and transfection
The origin, characteristics and culture conditions for PC3 and PC3-M established cell lines have been described previously (Liu et al., 2000) . Cells were maintained at 371C in a humidified atmosphere of 5% carbon dioxide, with biweekly media changes. Cells were maintained at 371C in a humidified atmosphere of 5% carbon dioxide, with biweekly media changes, were drawn from stored stocks, replenished on a standardized periodic basis and were routinely monitored for mycoplasma. Cell viability was routinely monitored under all experimental conditions, by counting the number of trypan blue excluding cells, under an inverted microscope, using a hemocytometer, and unless otherwise stated, was not affected.
In some experiments, cells were treated with various agents. Cells were exponentially growing and non-confluent, and, unless otherwise stated, were pre-treated for 1 h with 10 mM SB203580 or SB202474, or 50 mM genistein, and then with 2 ng/ml TGFb (or not) for various time periods, as indicated. For Western blots, plasmids were transfected into cells, which had been plated into six well plates the previous day, with TransIT s -LT1 Transfection Reagent (Mirus, Madison, WI, USA), as per the manufacturer's instructions, using 2 mg of the indicated expression plasmid. For measurement of MMP-2 activity by zymography, cells were transfected using LipofectAmine-2000 (Invitrogen, Carlsbad, CA, USA), as per the manufacturer's instructions, using 4 mg of the indicated expression plasmid. For cell invasion assays, cells were transfected using LipofectAmine-2000 (Invitrogen, Carlsbad, CA, USA), as per the manufacturer's instructions, using 3 mg of the indicated expression plasmid, along with 1 mg of pCMVb-gal. The use of a constitutively active b-galactosidase vector allowed identification of transfected cells in the context of a three-dimensional matrix, used in invasion assays, as described previously (Huang et al., 2005) . For all assays, cells were treated, as indicated, 24 h after transfection.
For siRNA studies, cells were plated into six-well plates the previous day, and transfected with 15 ml GeneSilencer reagent (Gene Therapy Systems, San Diego, CA, USA), according to the manufacturer's instructions, using 1 mg of siRNA along with 1 mg of pCMV-b-gal. In some experiments, cells were transfected with siRNA to both MAPKAPK2 and HSP27, as indicated. In those circumstances, cells were transfected with 1 mg of MAPKAPK2 siRNA and 1 mg of HSP27 siRNA along with 1 mg of pCMV-b-gal. After 24 h, cells were changed to fresh culture media, and after 60 h, cells were harvested, and analysed as described.
Cell lysis and Western blot analysis Cells were lysed, and Western blots performed, as described previously, with modifications (Liu et al., 2001) . Briefly, cells were lysed at 41C in cell lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerolphosphate) in the presence of protease inhibitors (1 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mM PMSF; all from Sigma) and phosphatase inhibitors (10 mM NaF, 1 mM orthovanadate, phosphatase inhibitor cocktail I and cocktail II, both at 1:100 dilution; all from Sigma). Resultant lysates were centrifuged at 14 000g for 30 min at 41C, and protein concentration in the supernatant determined by Bradford dye-binding assay (Bio-Rad).
When screening for protein-serine or -threonine phosphorylation by Western blot, equal amounts of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), on a 4-15% linear gradient gel, under reducing conditions. For all other Western blots, equal amounts of protein were separated by SDS-PAGE on a 12% gel, under reducing conditions. Separated proteins were transferred onto 0.45 mm nitrocellulose (Schleicher & Schuell, Keene, NH, USA), in a wet transfer cell. Blots were blocked with 5% milk in TBST (10 mM Tris-HCl, pH 7.6, 80 mM NaCl, 0.1% Tween-20), for 1 h, at room temperature, and probed overnight at 41C with primary antibody, diluted in TBST with 5% BSA (fraction V; Sigma). Anti-phosphoserine, clone Q5, was diluted 1:250; anti-phosphothreonine, clone Q7, 1:250; anti-phospho-p38 MAP kinase, clone 9211s, 1:1000; antiphospho-MAPKAPK2, clone 3041, 1:1000 and anti-phospho-HSP27, clone 2401s, 1:1000. After washing, membranes were incubated for 1 h at room temperature with anti-rabbit-HRP-conjugated secondary antibody or anti-mouse-HRPconjugated secondary antibody, and visualized by chemiluminescence, using the ECL Western Blotting Kit (Enhanced Chemiluminescence; Amersham Pharmacia Biotech), as per the manufacturer's instructions. Membranes were then stripped by treating with stripping buffer (100 mM b-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7) at 501C for 30 min. After washing with TBST at room temperature, membranes were re-exposed (after re-addition of HRP substrate to confirm removal of prior antibody) before being re-blocked and re-probed, as indicated. Specifically, for total p38 MAP kinase, using antibody clone C-20 diluted 1:1000; and for MAPKAPK2, clone 3042, 1:1000; for HSP27, clone 2402, 1:1000; for GAPDH, clone CSA-335E, 1:5000. Each experiment was repeated one or more times, with similar results. Individual bands on Western blots were quantified using AlphaEaseFCt software (Alpha Innotech Corporation, San Leandro, CA, USA). All data were within the linear range of detection for each antibody used.
Generation of siRNA for MAPKAPK2 and HSP27 Total RNA from PC3 cells was first isolated with TRIzol s Reagent (Invitrogen, Carlsbad, CA, USA; cat no. 15596-026), and reverse transcribed using SuperScriptt III Reverse Transcriptase (Invitrogen; cat. no. 18080-044), at 501C for 60 min in a total volume of 20 ml, in the presence of oligo d(T) primers, as described previously (Schwartz et al., 1998) . Next, gene-specific dsDNA products that could support in vitro transcription were generated by polymerase chain reaction (PCR). For PCR reactions, the following primers were used: MAPKAPK2 forward primer -5 0 -GCGTAATACGACTCAC TATAGGGAGAAGGAGACCAGGCATTCACAG-3 0 and MAPKAPK2 and HSP27 regulate cell invasion L Xu et al reverse primer -5 0 -GCGTAATACGACTCACTATAGGGA GATGCAAAATGAGCACAGGTTC-3 0 , yielding a 989 bp product; HSP27 forward primer -5 0 -GCGTAATACGACT CACTATAGGGAGAAGAGCAGAGTCAGCCAGCAT-3 0 and reverse primer -5 0 -CGTAATACGACTCACTATAG GGAGATTACAGGTGGTTGCTTTGAAC-3 0 , yielding a 756 bp product. GFP was amplified from GFP plasmid, using primers provided in the Dicer siRNA generation kit (Gene Therapy Systems, San Diego, CA, UDS; cat. no. T510001), yielding a 740 bp product. A SuperMix High Fidelity kit (Invitrogen, Carlsbad, CA, USA; cat. no. 10790-020) was used to perform PCR reactions. Reaction conditions were, 941C for 3 min, then 35 cycles of 941C for 30 s 601C for 30 s, and 681C for 50 s, followed by 721C for 10 min. All PCR products were analysed by agarose electrophoresis, and identity confirmed by sequencing, before being purified using QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA; cat. no. 28104).
In vitro transcription was performed as per the manufacturer's instructions in the Dicer siRNA generation kit (Gene Therapy Systems, San Diego, CA, USA; cat. no. T510001). Briefly, in vitro transcription reactions were performed in a volume of 20 ml, using 1 mg PCR product as a template, and were incubated at 371C for 4 h, followed by purification with Qiagen RNeasy RNA kit (Qiagen; cat. no. 74104). Finally, the Dicer reaction was performed in a reaction volume of 40 ml, using 10 mg dsRNA, and was incubated 18 h at 371C. Resultant siRNA were then purified, quantified and transfected according to the manufacture's instruction.
Zymography
Zymography assays were performed as described previously, with modifications (Huang et al., 2005) . Briefly, 24 h after plating, cells were transfected with the indicated expression vector. One day later, cells were washed three times with serum-free media, changed into serum-free media, treated as indicated, and cultured for an additional 24 h. Conditioned media were collected, centrifuged at 3000 r.p.m. for 10 min to remove debris and concentrated by placing in a Microcon YM-30 Centrifugal Filter (Millipore, Billerica, MA, USA), and spinning at 14 000 g for 12 min. Concentrated media were separated by mixing with 2 Â sample dilution buffer (125 mM Tris, pH 6.8, 1% SDS, 0.002% bromophenol blue, 10% glycerol), incubating 15 min at room temperature, and then running on a 9% SDS-PAGE containing 1 mg/ml gelatin, under non-reducing conditions. Gels were washed with 2.5% Triton X-100 for 30 min, and incubated for up to 48 h at 371C in 20 mM glycine, pH 8.3, 10 mM CaCl 2 and 1 mM ZnCI 2 . Gels were then stained with 0.5% Coomassie Brilliant Blue G solution, containing 10% acetic acid and 20% methanol, for 30 min, destained with 10% acetic acid and 20% methanol, and visualized.
Cell invasion assays
Cell invasion assays were performed as described previously, with modifications (Liu et al., 2002; Huang et al., 2005) . Briefly, 24 h after plating, cells were transfected with the indicated expression vector, along with a constitutively active b-galactosidase expression vector, thus allowing detection of transfected cells. One day later, cells were treated as indicated, detached by treatment with trypsin/EDTA, washed, resuspended in RPMI 1640 cell culture media (Gibco, Grand Island, NY, USA) with 0.1% BSA and 52 ml of cell suspension were placed into the upper chamber of a 48-well Boyden chamber unit (i.e., 1 Â 10 4 cells/well). Cells were allowed to migrate for 15 h through a Nuclepore Track-Etch Membrane (NC 983-1643; Whatman, Clifton, NJ, USA), which contained 8 mm pores and was coated with gelatin, towards serum-free NIH-3T3 conditioned medium, present in the lower chamber.
Membranes were fixed with 2% formaldehyde and 0.2% glutaraldehyde in phospate-buffered saline (PBS) for 10 min at room temperature, rinsed with PBS and b-galactosidase was detected using a b-galactosidase staining kit from Stratagene (cat no. 200384), according to the manufacturer's instructions. Cells were then stained with solution no. 1 (i.e., xanthane dye) using Diff-Quick cell staining kit (Dade Beharing AG; Dudingen, Switzerland). Membranes were mounted onto slides, using Permountt (Fisher Scientific, Hampton, NH, USA). Using predetermined field coordinates, the number of invading and non-invading cells were then counted in each of five high-power fields (i.e. 100 Â ) for a given well, Â 4 wells for each treatment condition (N ¼ 4). All statistical tests of invasion were two-sided, and changes were only considered statistically significant for t-test P-values of 0.05 or less. All experiments were repeated at least once, at a separate time, in replicates (N ¼ 4).
